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Low-dose  total-body  irradiation,  150  ran  given  in  10  fractions  over  5  weeks,  is  a 
useful  treatment  modality  for  favorable-prognosis  lymphomas.  Little  is  known, 
however,  about  the  effects  of  this  regimen  on  normal  bone  marrow.  Six  healthy 
beagle  dogs  and  5  dogs  of  various  breeds  with  lymphoma  were  treated  with  total- 
body  irradiation.  Three  of  the  5  lymphomatous  dogs  achieved  remissions  of  limited 
duration.  No  changes  in  the  hemograms  or  in  bone  marrow  cellularity  las  assessed 
by  needle  marrow  biopsies)  could  be  detected  during  or  after  treatment.  Hone 
marrow  progenitor  cells  were  studied  weekly  during  treatment  and  for  4  weeks 
thereafter  using  in  vitro  growth  assays  for  OM-CFC  and  M-CFC.  These  studies 
demonstrated  significant  reductions  t  /*  *  0.000  of  granulocyte  and  macrophage 
progenitor  cells  with  subsequent  recovery  toward  normal  pre-irradiation  and  sham 
irradiation  values.  Two  additional  dogs  were  it\jccted  with  xuldethal  doses  of  Sal¬ 
monella  typhosa  endotoxin  ?.  weeks  after  completion  of  the  irradiation  regimen. 
Their  bone  marrow  OM-CFC  responses  were  dramatically  blunted  compared  to 
nonirmdiuted  controls  whereas  their  peripheral  leukocyte  responses  and  serum  (\SF 
levels  were  comparable  lo  nonirrndiated  controls.  These  studies  suggest  that  total- 
lardy  irradiation  may  induce  bone  marrow  injury  that  may  be  clinically  significant 
if  patients  so  treated  are  further  stressed  by  infections  or  myelosupprexsive  drugs. 

Key  words;  Canine  -  ‘TUI  -  Hone  marrow  -  OM-CFC 


l.ow-doso  total-body  irradiation  (TUI) 
is  an  increasingly  popular  treatment 
modality  for  favorable-prognosis  lym¬ 
phomas  with  therapeutic  responses 


1  Department  of  Internal  Medicine.  Ilematol- 
ogv-t hieology  Branch.  National  Naval  Medical 
Center,  licthesdu.  Ml)  20014. 


comparable  to  conventional  chemother¬ 
apy  regimens  1 1-5).  Despite  increasing 
use  of  TIM  as  therapy  tot  lymphoma, 
little  research  has  investigated  potential 
damage  to  the  patient's  normal  bone 
marrow  after  repeated  exposure  to  low- 
dose  gamma  irradiation,  it  has  been 
repotted  that  low-level  radiation  expo¬ 
sures  result  in  increased  t  tsx  of  suhsc- 


582 


DAVID  E.  COWALL  ET  AL. 


quent  development  of  leukemia  (6).  In 
addition,  granulocyte-macrophage  col¬ 
ony-forming  cell  (GM-CFC)  assays  in 
dogs  have  been  described  following  sin¬ 
gle-dose  gamma  irradiation  exposures 

(7)  and  continuous,  low-dose  irradiation 

(8) .  In  both  cases,  reductions  of  GM- 
CFC  are  described.  It  is  the  purpose  of 
this  study  to  use  a  canine  model  to  ob¬ 
tain  information  concerning  possible 
damage  and  recovery  of  the  hemato¬ 
poietic  system  from  a  fractionated  low- 
dose  total-body  gamma  irradiation 
program  paralleling  human  clinical 
regimens. 

The  principal  morbidity  with  this  reg¬ 
imen  is  marrow  suppression,  mainly 
thrombocytopenia.  Severe  thrombocy¬ 
topenia,  although  uncommon,  usually 
occurs  several  weeks  after  completion 
of  therapy,  associated  with  marrow  tu¬ 
mor  or  splenomegaly  (9).  This  suggests 
that  significant  myclosuppressive  events 
may  occur  during  TBI  that  are  not  re¬ 
flected  in  routine  peripheral  blood  cell 
counts.  To  investigate  the  effects  of 
fractionated  TBI  on  bone  marrow,  ca¬ 
nine  marrow  progenitor  cell  populations 
were  evaluated  by  in  vitro  colony-form¬ 
ing  cell  assays.  The  dog  model  was  cho¬ 
sen  because  of  its  similarity  to  man  in 
both  radiosensitivity  ( 10)  and  histologic 
appearance  of  lymphomas  (li). 

MATERIALS  AND  METHODS 

Animob.  Healthy,  purebred  adult,  female  bea¬ 
gles.  weighing  10  u>  15  kg.  amt  lymplutmalous 
dogs  of  all  breeds  were  used  in  the  study.  Dogs 
with  suspected  spontaneous  lymphoma  were  a*- 
ferred  by  practicing  veterinarians.  A  diagnosis 
was  established  via  a  lymph  node  biopsy,  and 
stage  of  the  disease  was  evaluated  using  clinical 
signs,  bone  marrow  biopsies,  and  hematologic 
parameters.  Those  accepted  for  the  study  were 
then  treated  to  eliminate  parasitic  infestations 


and  were  immunized  against  distemper,  hepati¬ 
tis,  and  rabies.  Informed  consent  was  obtained 
from  owners  of  the  lymphomatous  dogs  accepted 
for  the  radiotherapy  program.  All  dogs  were 
housed  in  temperature-controlled  rooms  in  in¬ 
dividual  stainless  steel  cages  and  were  fed  kib¬ 
bled  laboratory  dog  food,  supplemented  once 
weekly  with  a  high-protein  canned-meat  ration. 
Water  was  provided  ad  libitum.  The  minority  of 
dogs  with  lymphoma  remained  under  the  care  of 
their  owners  and  were  treated  on  an  out-patient 
basis.  All  dogs  with  lymphoma  were  examined 
weekly  by  a  veterinarian. 

Experimental  procedure.  Plexiglas  containers 
were  used  to  position  the  nonanesthetized  dogs 
perpendicularly  to  parallel-opposed  ,iUCo  sources 
delivering  a  midline  tissue  dose  of  9  rad/min.  A 
dose  of  15  rad  was  administered  twice  weekly 
for  5  weeks  for  a  total  cumulative  dose  of  150 
rad.  This  schedule  is  similar  to  that  prescribed 
in  many  human  clinical  regimens. 

Rib  bone  marrow  aspirations  were  obtained 
from  normal-irradiated  and  lymphomatous-irra- 
diaied  dogs  as  well  as  from  a  normal  nonirra- 
diated  control  dog  as  a  pretherapy  specimen. 
This  was  done  weekly  for  the  5  weeks  of  irra¬ 
diation  and  weekly  for  4  weeks  thereafter.  Dogs 
were  anesthetized  with  Surital  (Parke-Davis,  A. 
J.  Buck  &  Son,  Baltimore.  Maryland)  before 
aspiration  of  bone  marrow  from  their  lateral  ribs 
and  Jmnshidi  bone  marrow  needle  biopsies 
( Kormed.  Minneapolis,  Minnesota)  from  the  dor¬ 
sal  iliac  crests.  Mononuclear  marrow  cells  were 
separated  from  heparinized  aspirates  mixed  with 
an  equal  volume  of  McCoy's  5a  medium  <0111- 
CO,  (hand  Island.  New  York)  using  Eieoll-Hy- 
paque  iPImnmteia.  Piscataway.  New  Jersey) 
They  were  then  washed  in  medium  with  57  fetal 
calf  serum  and  a  1*7  antibiotic-antimycotic  mis- 
lure  1 1 (H) >;  (ilBCO.  (hand  Island.  New  York). 
Die  mononuclear  marrow  cells  were  then  resits- 
trended  in  fresh,  chilled  medium  and  then  count¬ 
ed  ami  assayed  in  the  various  progenitor  cell 
culture  systems.  One  aliquot  of  peripheral  blood 
was  obtained  weekly  for  a  complete  blood  count 
(OK ')  and  for  semm  to  be  tested  for  the  presence 
of  colony-stimulating  factor  tCSI-'t,  Bone  marrow 
smears  were  m  le  to  determine  myeloid-cry* 
ihroid  (M:H)  ratios,  scoring  neutrophils,  bauds, 
metamyelocytes,  myelocytes,  promyelocytes 
ami  myeloblasts  as  myeloid  cells  and  orlhoehro- 
mtc  normoblasts,  polychiomatophilic  normo¬ 
blasts.  basophilic  normoblasts,  amt  promt  nun- 
blasts  as  eryibroid  cells.  The  bone  marrow 
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TABLE  1 

Hematoloaic  parameters*  in  normal  dags  undergoing  fractionated,  low-, lose  total-body  irradiation 


Time 
(wee1  -.) 

Cumulative 
dose  (rad) 

Hct 

WBC 

Platelets 
x  Iff' 

M:E 

0 

0 

45*  ±  2.7 

7086*  ±  980 

295,  ±  39 

1.05*  ±  0.05 

1 

30 

42*  ±  2.1 

6157*  ±  532 

311,  ±  38 

1.10*  ±  0.08 

60 

42#  ±  1.5 

6733*  ±  536 

288*  ±  .31 

1.01*  ±  0.08 

3 

90 

42*  ±  1.7 

6450*  ±  742 

341,  ±  56 

0.90*  ±  0.09 

4 

120 

44.,  ±  1 .4 

6150*  *  378 

323,  ±  79 

0.80,  ±0.12 

s 

150 

43*  ±  1.1 

5880*  ±  882 

270,  ±  73 

1.09*  ±  0.13 

6 

43*  ±  1.0 

5350*  ±  332 

200,  ±  48 

0.93,  ±0.19 

7 

44*  ±  1.4 

6650*  ±  994 

3s 

1  + 

•fe. 

0.68,  ±  0.06 

8 

45*  ±1.1 

7450*  ±  1092 

304*  ±  26 

0.90,  ±0.12 

9 

46*  ±  1.1 

6130*  ±  364 

257,  t  39 

0.84,  ±  0.05 

"  Het 

-  hematocrit  (97),  WBC  =  white  blood  cell  count  (/mnv1),  M:E 

=  myeloid:crythroid  ratio.  These  and 

the  platelet  count  (/mm1)  are  expressed  as  mean  values  (+SEM)  for  several  experiments.  Subscript  «  number 

biopsies  were  decalcified  and  histologic  sections 
were  prepared  for  assessment  of  eellulurity  and 
the  presence  of  tumor. 

(iranulocytc-macrophagc  colony-forming  cell 
KIM-CFC)  and  macrophage  colony-forming  cell 
I  M-CFC  I  assays.  Bone  marrow-derived  GM- 
CFC  (12)  and  M-CFC  (13)  sverc  assayed  as  de¬ 
scribed.  Serum  obtained  from  a  dog  4  h  after  an 
intravenous  injection  of  50  pg  of  Salmonella 
lyphosa  endotoxin  (EPS)  (Bncto  Eiponolysuc- 
charide  W,  Difeo  Laboratories,  Detroit.  Michi¬ 
gan)  was  used  as  a  source  of  CSF  ( 14).  A  double¬ 
layer  agar  system  was  used  with  I5T  CSF  and 
I5T  normal  human  serum  its  an  enhancing  factor 
(15)  in  the  lower  layer.  Culture  medium  was  sub¬ 
stituted  for  endotoxin  serum  to  detect  endoge¬ 
nous  colony  formation  which  was  less  than  4' 10' 
cultured  cells,  Marrow  cells  were  plated  in  qua¬ 
druplicate  in  35-nun  plastic  petri  dishes  at  IIP 
nucleated  cellsAlish  and  incubated  at  37'C  in  a 
humidified  7fT  C()}  in  air  atmosphere.  Colonies 
with  greater  than  50  cells  were  scored  its  being 
derived  from  UM-CFC  idler  0  days  of  incubation 
and  its  being  derived  from  M-CFC  uf»er  25  days 
of  incubation, 

hntoioxln  \trew .  During  the  second  week  of  re¬ 
covery  from  our  fill  regimen,  2  additional  nor¬ 
mal-irradiated  dogs  ami  three  nouimidiuted  con¬ 
trol  dogs  each  received  an  iv  injection  of  10  pg 
of  EPS.  Hone  marrow  aspirates,  peripheral  blood 
counts  and  serum  were  obtained  from  each  anes¬ 
thetized  animal  before  EPS  injection  and  for  4 
consecutive  days  thereafter.  The  separated 


mononuclear  marrow  cells  were  assayed  for  con¬ 
tent  of  GM-CFC  and  the  serum  for  CSF. 

Assessment  of  colonv-slimalaling  activity.  Sera 
collected  from  normal-nonirradiuted,  normal-ir¬ 
radiated,  lymphomalous-irradiated,  and  EPS-in¬ 
jected  dogs  were  evaluated  for  CSF  activity.  Test 
sera,  0.15  ml.  were  used  in  the  lower  layer  as  the 
only  source  of  CSF  in  the  two-layer  agar  system 
described  above.  Hone  marrow  from  a  single 
normal  dog  was  then  plated  in  the  upper  agar 
layer  its  target  cells.  CSF  was  expressed  as  num¬ 
ber  of  colonies/plale.  All  experiments  were  done 
in  triplicate. 

Statistical  analysis.  Results  sue  expressed  as 
mean  values  ±  SEM  of  replicate  experiments 
with  the  exception  of  the  endotoxin  challenge 
data  where  individual  experimental  values  are 
reported.  Differences  of  significance  among 
means  were  determined  by  Student's  t  test. 

RESULTS 

Pathology.  Six  healthy  beagle  dogs  and 
5  dogs  of  various  bleeds  with  diffuse 
poorly  differentiated  lymphomas  under¬ 
went  TUI.  One  normal-uonirnuliated 
beagle  served  as  a  sham-irradiated  con¬ 
trol.  No  adverse  pathological  effects 
wore  observed  from  TUI  in  any  of  the 
animals,  and  3  of  the  5  treated  lym- 
phomaious  dogs  achieved  complete  re* 
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TABI.H  2 

(  inline  hone  morrow  (iM-t  IX mid  M-(  IX '  during  and  after  fractionated,  low-dose  total-body  irradiation 


Time 

(weeks) 

Cumula¬ 
tive  dose 
(rad) 

Normal  irradiated 

Normal  sham  irradiated 

Lymphomatous 

CiM-CFC 

M-CFC 

GM-CFC 

M-CFC 

GM-CFC 

0 

0 

84,  -  6.5 

111),  t  6.7 

74 

113 

65,  *  18.6 

1 

30 

48, ,  t  5.6 

36,  <-  15.6 

63 

83 

58, 

60 

23,  -  y.y 

34,  *  10.1 

83 

95 

29,  t  13.3 

} 

yo 

26,  -  10.1 

49.. 

64 

101 

43,  i  27.1 

4 

120 

II,  -s  4.6 

6,  >  3. 1 

101 

73 

23,  ♦  10.0 

5 

150 

17.  •  7.2 

49,  •  17.8 

76 

85 

l-.-i  *  3.1 

6 

22,  -  11.4 

N.li. 

91 

74 

N.l). 

*T 

40,  5.3 

82, 

III 

122 

43,  -  7.2 

8 

46„  -  7.2 

50,  -  2.4 

71 

82 

54, 

9 

6ft,  *:  5.3 

64, 

76 

81 

41, 

■'  CiM-CFC  -  granulocyte-macrophage  colony-forming  cell:  M-CFC  --  macrophage  colony-forming  cell.  Both 
are  expressed  as  mean  number  of  colonies/ 10'  nucleated  cells.  Subscript  =  number  of  separate  experiments, 
one  dog  per  experiment.  N.O.  =  not  determined. 


missions  of  about  12  weeks  average  du¬ 
ration.  Two  lymphomatous  dogs 
experienced  rapidly  progressive  lym¬ 
phoma  with  marrow  replacement  during 
TUI  and  were  euthanatized  at  the  own¬ 
ers'  request  on  completion  of  treatment. 
As  shown  in  Table  I ,  the  nadir  for  mean 
values  for  peripheral  blood  counts  was 
reached  at  I  week  post  exposure  while 
bone  marrow  M.H  ratios  and  eedularity 
remained  within  normal  limits  (no  sig¬ 
nificant  difference)  throughout  the  study 
for  all  the  normal  dogs. 

(iM-CFC  and  M-CFC  activity.  Hone 
marrow  CiM-CFC  and  M-CFC  mean 
values  for  normal-irradiated  beagles. 
5  lymphomatous-irradiatcd  dogs,  and  a 
shanvirnaliated  dog  are  shown  in  Table 
2.  There  were  significant  reductions  in 
both  (iM-CFC  and  M-CFC  col  iy  for¬ 
mation  (/*  0.(101)  compared  to  pre- 

treatment  and  control  values  after  ‘X)  rad 
total  cumulative  dose  in  all  animals,  fol¬ 
lowed  by  gradual  recovery  toward  nor¬ 
mal  values.  It  is  of  interest,  as  previ¬ 
ously  noted,  that  no  associated  changes 
in  peripheral  blood  counts,  marrow'  dif¬ 


ferentials.  or  marrow  cellularity  could 
be  detected  to  parallel  this  reduced  pro¬ 
genitor  cell  population.  CSF  potency 
was  monitored  at  various  times  during 
all  experiments  to  ensure  that  CSF  re¬ 
mained  at  pretreatment  levels. 

Fndola.xin  stress.  The  bone  marrow 
(iM-CFC  responses  of  2  normal-irradi¬ 
ated  beagles  to  l.PS  at  2  weeks  after 
TB1  is  compared  to  the  LPS  response 
of  normnl-nouil  radiated  beagles  in  Ta¬ 
ble  3.  Rather  than  the  large  rise  in  GM- 
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IVteem  of  pre-endotoxin  UM-Ct-V  value* 


Hours  after  endotoxin 

0 

24 

48 

72 

96 

Irradiated  dog  1 

too 

96 

19 

8< 

IS 

It  radiated  dog  2 

too 

87 

94 

1*8 

9*1 

Nontrradiated  dog.* 

100 

96 

ISO 

150 

25*1 

•UMO-C  -  gtumilocytc-macfopltasc  ptogcuilor 
cell  in  culiitte. 

’■  Average  valuer  for  three  normal .  notiiuadialed 
dogs. 
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CFC  concentration  demonstrated  by  the 
ontrol  at  72  h  after  LPS.  the  previously 
Hated  dogs  showed  a  markedly  di- 
\1  response  to  LPS.  However, 

_  pen|.’'(>ral  leukocyte  response  in 
these  dogs  was  normal.  Mean  values 
showed  a  marked  rise  in  leukocytes  and 
neutrophils  to  peak  values  at  48  h  after 
LPS  injection.  The  peripheral  neutro¬ 
phils  in  the  irradiated  dogs  rose  from  an 
average  2-week  post-irradiation  level  of 
4730-9270/mm:*  48  h  after  the  LPS, 
while  the  normal,  nonirradiated  dogs 
showed  a  rise  in  neutrophil  values  from 
5848-1 1,736/mnv1. 

CSF assay.  No  variations  in  serum  CSF 
from  any  of  the  dogs  exposed  to  the 
irradiation  regimen  could  be  detected. 
The  previously  irradiated  dogs  respond¬ 
ed  with  a  marked  increase  (2329?  and 
3659?  for  dogs  I  &  2,  respectively)  in 
the  level  of  serum  CSF  measured  6  h 
after  LPS  challenge  2  weeks  after  TBL 
This  response  was  comparable  to  that 
of  the  normal,  nonirradiated  dogs  (av¬ 
erage  3609?  increase)  as  well  as  pub¬ 
lished  data  (12). 

DISCUSSION 

Bone  marrow  progenitor  cells  were 
evaluated  weekly  during  TBI  and  con¬ 
tinued  for  4  weeks  thereafter.  In  vitro 
soft  agar  cultures  were  used  to  measuie 
GM-CFC  and  M-CFC  activity.  These 
studies  demonstrated  signilicaut  reduc¬ 
tions  in  granulocyte-macrophage  pro¬ 
genitor  cells  followed  by  a  gradual  re¬ 
covery  toward  normal  values.  Peripheral 
blood  CBC  ami  marrow  edlularity  had 
remained  unchanged  during  the  irradia¬ 
tion  regimen. 

Three  of  the  5  lymphomatous  dogs 
(hat  received  TBI  obtained  renessions 
of  their  uiseuse  following  therapy.  Un¬ 


fortunately.  these  responses  were  brief. 
With  the  exception  of  the  2  dogs  with 
progressive  marrow  tumor  that  did  not 
respond  to  TBI,  no  differences  between 
the  progenitor  cell  assays  or  responses 
to  TBI  could  be  detected  between  the 
lymphomatous  and  the  normal-irradi¬ 
ated  dogs. 

Although  the  effectiveness  of  TBI  for 
canine  lymphoma  is  of  interest,  the 
marked  reduction  of  marrow  progenitor 
cells  during  the  fractionated  TBI  is  far 
more  intriguing.  Apparently  a  bone  mar¬ 
row  injury  is  induced  by  this  treatment, 
which  is  not  reflected  in  peripheral 
counts  or  marrow  cellularity.  The  sim¬ 
plest  explanation  for  the  apparent  par¬ 
adox  of  a  normal  CBC  and  marrow  cel¬ 
lularity  associated  with  decreased 
marrow  progenitor  cell  values  may  in¬ 
volve  adequate  progenitor  cells  to  main¬ 
tain  a  steady  state  but  also  diminshed 
reserves  to  support  a  state  of  marrow 
stress  such  as  infection  or  myelosup- 
pressive  drugs. 

To  test  the  bone  marrow  response  to 
a  granulopoetie  stress  following  frac¬ 
tionated  TBI.  2  normal-irradiated  and 
three  uormul-nonirradiated  dogs  were 
injected  with  I  BS.  The  irradiated  dogs 
were  2  weeks  post -TBI  and  had  re¬ 
covered  their  GM-CFC  values  to  within 
pretreatment  levels.  As  demonstrated 
in  Table  3.  the  hone  marrow  GM-CFC 
responses  of  the  irradiated  beagles  were 
markedly  reduced  compared  to  the  non* 
irradiated  animals.  Tims,  although  the 
irradiated  beagles  had  shown  progres¬ 
sive  recovery  of  GM-CFC  toward  pre- 
TBI  levels,  their  bone  marrows  were 
unable  to  muster  GM-CFC  responses 
appropriate  to  the  LI’S  stress  as  sug¬ 
gested  by  our  controls  and  previously 
reported  studies  (12).  This  is  it)  spite  of 
a  normal  increase  in  circulating  levels 
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of  CSA  in  the  irradiated,  endotoxin-in¬ 
jected  dogs.  Since  the  GM-CFC  re¬ 
sponse  to  LPS  was  evaluated  only  at  2 
weeks  post-TBI,  further  studi  o  are 
needed  to  determine  how  long  this  de¬ 
fect  persists,  and  therefore  if  it  forms 
a  component  of  radiation-induced  resid¬ 
ual  injury  to  the  hematopoietic  svstem 
(16,17). 

In  conclusion,  fractionated  TBI  has 
been  shown  to  induce  remissions  in  ca¬ 
nine  lymphoma.  Profound  reductions  of 
canine  marrow  progenitor  cells  occur¬ 
ring  with  TBI  could  interfere  with  the 
marrow's  ability  to  respond  to  further 
stress.  The  poor  GM-CFC  response  to 
LPS  stress  following  TBI  supports  this 
conclusion.  This  bone  marrow  injury 
may  be  clinically  significant  it  patients 
treated  with  TBI  are  further  stressed  by 
infections  or  myelosuppressive  drugs. 
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